Soybeans, the world's leading leguminous crop, establish mutualistic symbiosis with arbuscular mycorrhizal (AM) fungi. AM fungi colonize root cortical cells forming arbuscules, highly branched fungal structures. Arbuscules are enveloped by plant-derived periarbuscular membranes through which plants obtain mineral nutrients, particularly phosphate. We searched the soybean genome in silico, and found 14 Pht1 genes encoding phosphate transporters putatively localized on the plasma membranes. Time course analyses involving reverse transcription-PCR indicated that three of these were AM-inducible. GmPT10 and GmPT11 were induced on fungal colonization, while a transcript of GmPT7 appeared in the later stages. The transport activities of GmPT10 and GmPT11 were confirmed by complementation of a yeast mutant. Soybean hairy roots expressing the GmPT10-green fluorescent protein (GFP) or GmPT11-GFP fusion protein under the control of corresponding promoter showed GFP fluorescence on the branch domains of periarbuscular membranes, indicating that active phosphate transport occurred there.
Phosphorus is an essential macronutrient for plant growth, comprising about 0.2% of dry weight. 1) It is absorbed by plants as orthophosphate ions. Available phosphate is typically present at only 0.5-10 mM in the soil, because both inorganic and organic phosphate easily become insoluble. [1] [2] [3] Phosphate rock of high quality is mined in a very limited number of countries and it is thought that it will be exhausted at about the end of this century.
3) Excess application of phosphate to fields causes environmental pollution. Hence, efficient usage of phosphorus is thought to be a key to establishing sustainable agriculture. Arbuscular mycorrhizal (AM) fungi of the phylum Glomeromycota establish ecologically important symbiotic associations with a majority of land plants, allowing improved uptake of phosphate and other nutrients from the soil in exchange for plant-assimilated carbohydrates. 2, 3) AM fungi also endow host plants with tolerance to pathogens and abiotic stress. 4, 5) In the case of Arum-type AM (as formed in soybean roots by Glomus sp.), fungal intraradical mycelia clearly form highly branched structures called arbuscules within host cortical cells. Fungal arbuscules are enveloped by plant plasma membraneconnected periarbuscular membranes, which are thought to be the main site of nutrient exchange between the symbiotic partners. 2, 3) The production of soybeans is 258 million metric tons per year around the world (http://soystats.com/2011/ Default-frames.htm). These seeds contain highly valuable oil and protein for human food, forage for domestic animals, and are useful in industrial applications. The recent elucidation of the soybean genome is a milestone for many lines of research on this major crop.
6) It is also well-known that the growth of soybeans on soils containing low levels of phosphate is enhanced by colonization by AM fungi such as Glomus intraradices, Glomus clarum and Gigaspora margarita.
7)
Little is known about the molecular mechanism underlying soybean AM symbiosis, however, in contrast to a long history of research on its nitrogen-fixing root nodules.
3)
Previously, we identified AM-inducible ammonium transporter genes in the soybean genome, ones that might participate in nitrogen absorption through AM fungi, and identified the localization of the major transporter protein in the periarbuscular membranes. 8) Phosphate is thought to be the main nutrient affecting promotion of the growth of the host plants on AM fungal colonization.
2) Phosphate transporters (PTs) of plant plasma membranes or periarbuscular membranes belong to the Pht1 family. 9, 10) The present study was carried out in parallel with a previously reported one, 8) and aimed to identify and characterize AM-inducible PTs that are encoded on the soybean genome.
Materials and Methods
Plants and microorganisms. Unless otherwise stated, soybean (Glycine max (L.) Merrill) cv. Fukuyutaka was used as plant material. Spores of AM fungus Glomus intraradices DAOM 197198 were purchased from Premier Tech (Riviere-du-Loup, Quebec, Canada). After germination of the soybean seeds, the plants were inoculated with 4,000 spores/plant of G. intraradices, and then grown for 6 weeks on Kanuma soil/vermiculite (1:1 by vol.) supplemented with 0:5 Â modified Hoagland nutrient solution that contained 0.1 mM phosphate in a growth chamber (Sanyo, Tokyo, Japan) under a 16 h day/8 h night cycle at 27 C and a light intensity of 260 mEs À1 m À2 at 60% humidity. Non-inoculated plants were grown in parallel as control.
Reverse transcription (RT)-PCR. Total RNA was extracted from the soybean roots using an RNeasy Plant Mini Kit (Qiagen, Hilden, Germany) and was reverse transcribed as described previously. 8) Using the resulting cDNA as template, PCR was carried out with KOD-FX DNA polymerase (Toyobo, Osaka, Japan) with 28-33 cycles of 95 C for 30 s, 58 or 60 C for 30 s, and 68 C for 20 s. The primer sequences specific for the various PT genes are given in Supplemental Table 1 (see Biosci. Biotechnol. Biochem. Web site). The PCR products were separated by electrophoresis in 1.5% agarose L03 (Takara Bio, Otsu, Japan), and stained with ethidium bromide.
Phosphate transport assays in yeast. Template cDNA for PCR was prepared as above from AM roots of soybean cv. Misuzudaizu. Coding regions of GmPT10 and GmPT11 were amplified by PCR. The primer sets for GmPT10 and GmPT11 were 5 0 -AGAATTCATGGCACTGG-AAGTGCTTGAAGCGCTC-3 0 (forward) and 5 0 -TCTCGAGGTCC-TGAATCCTATTATTGGGCGTTGGC-3 0 (reverse), and 5 0 -AGAA-TTCATGGCATTGGAAGTGCTTGAAGCGCTG-3 0 (forward) and 5 0 -TCTCGAGCATCGTCTCAGTCCTTGATCCCTGAAC-3 0 (reverse), respectively. The primers contained either an Eco RI or a Xho I site to facilitate the construction of expression vectors. PCR products were subcloned into pCR-Blunt II-TOPO (Invitrogen, Carlsbad, CA, USA), and their DNA sequences were confirmed to be the ones predicted. Because GmPT10 contained a natural Eco RI site at the position of Glu272 within the coding region, a point mutation from GAATTC to GAGTTC was introduced by PCR without affecting the deduced amino acid sequence. Next, the entire coding regions were cut out of pCRBlunt II-TOPO with Eco RI and Xho I, and then inserted between the Eco RI and Xho I sites of pKT10, 11) so that the proteins were expressed under a constitutive glyceraldehyde-3-phosphate dehydrogenase promoter. Transformation of yeast mutant PAM2 12) and assay of phosphate uptake into the yeast cells were carried out as described. 13) Preparation of hairy roots expressing PT-GFP fusions. The soybean genomic fragments used for the GmPT10 promoter:GmPT10-GFP and GmPT11 promoter:GmPT11-GFP fusion constructs were amplified by PCR from the genomic DNA of soybean cv. Misuzudaizu using forward and reverse primer pairs 5 0 -CACCTTAAACACATGGACA-CTGAGATTGCAT-3 0 and 5 0 -CATTGTCTCAGTCCTTGAACCCT-GAATC-3 0 , and 5 0 -CACCTGGCGCGGAGGGTTTAATATGGGAT-3 0 and 5 0 -CATCGTCTCAGTCCTTGATCCCTGAAC-3 0 respectively. The amplified fragments were 4.0 kb in size for GmPT10, which contains a promoter of 2.3 kb and a coding region of 1.7 kb, and 4.3 kb in size for GmPT11 which contains a promoter of 2.7 kb and a coding region of 1.6 kb. The fragments were ligated into an entry vector, pENTR/D-TOPO (Invitrogen), and then introduced upstream of the promoter-less GFP gene in a binary vector, pDs204 h, 8) using the Gateway system (Invitrogen). Hairy root transformation was performed as described previously. 8, 14) Confocal microscopy. Root segments exhibiting GFP fluorescence were excised, embedded in 5% agarose without fixing, and then sectioned using a DTK-1000 vibrating-blade microslicer (DSK, Kyoto, Japan). The sectioned roots (80 mm) were observed using a Zeiss confocal laser-scanning microscope (LSM 5 Pascal, Zeiss, Oberkochen, Germany). Images were processed using an interface ZEN2008 (Zeiss) and overlaid with Photoshop CS4 Extended (Adobe Systems, CA, USA).
Results and Discussion
Identification of PT genes in the soybean genome We searched for soybean genes in the Phytozome database (http://www.phytozome.net/soybean) that show significant similarity to known Pht1 genes of Arabidopsis and rice. According to the Commission on Plant Gene Nomenclature, the 14 genes found should be named GLYma;Pht1;1 through Glyma;Pht1;14, but here we call them GmPT1-GmPT14 for simplification. Their phytozome names and numbers of predicted amino acids are as follows: GmPT1, Glyma10g33020.1, 502; GmPT2, Glyma20g34610.1, 536; GmPT3, Glyma02g00840 9) within the loop between the 4th and 5th transmembrane domains (Supplemental Fig. 1 ). As shown in Fig. 1 , three, two, nine, and zero soybean PTs were assigned to the I (AM-inducible; either monocots or dicots), II (diverse; either monocots, dicots or fungi), III (dicots), and IV (monocots) subgroups, respectively, of the Pht1 family. Twelve of the 14 PTs formed six pairs, reflecting the fact that most of the soybean genome is duplicated.
6) The results shown in Fig. 1 suggest that GmPT10 and GmPT11 are typical AM-inducible transporters while GmPT7 is also to be included in AM-inducible subfamily I. A comparison of the genomic DNA and cDNA sequences revealed that GmPT8 and GmPT9, which belong to subfamily II, have two long introns in their coding regions at similar positions (data not shown). In contrast, GmPT3 and GmPT13, which belong to subfamily III, have a short intron at similar positions, being different from those of GmPT8 and GmPT9. All the other PT genes of soybean were intron-less, at least in their coding regions (data not shown). This is in accord with previous analyses, 9, 10) which concluded that microbial Pht1 transporters do not form a distinct clade, but belong to subgroup II. Although a recently published phylogenetic tree 15) assigned LjPT3, 13) an AM-inducible PT of Lotus japonicus, to subgroup I, our result shown in Fig. 1 indicates that LjPT3 belongs to subgroup III, confirming previous reports. 10, 13) The reason for this discrepancy is unclear, but it should be pointed out that Loth-Pereda et al. 15) did not include LjPT4 16, 17) in their considerations.
Expression of soybean PT genes in AM-and nonmycorrhizal roots
RT-PCR examination of soybean roots showed that GmPT7, GmPT10 and GmPT11 were highly induced in AM roots, while the expression of most of the other PT genes was more or less down-regulated on AM colonization ( Fig. 2A) . This pattern is in agreement with previous observations that on colonization of AM fungi, most phosphate is transported via the AM pathway, the direct uptake pathway through the root surface being shut down. [18] [19] [20] [21] Our data on gene expression provide molecular evidence of a switchover of the Pi uptake pathways in the AM symbiosis of an important crop. Understanding of the mechanism of this switchover should be of agricultural importance in preventing the excess use of chemical fertilizers.
The expression of the three AM-inducible PT genes was further analyzed through a time-course experiment. GmPT10 and GmPT11 were induced, probably on fungal arbuscule development, while the transcript of GmPT7 appeared later than those of the two former genes (Fig. 2B) . This suggests that the former genes and the latter one play different roles in AM roots. Hence we switched our focus to the twin genes GmPT10 and GmPT11.
Confirmation of transport activities of soybean PTs in a yeast system
Yeast mutant PAM2 12) lacks two high-affinity phosphate transporters, PHO84 and PHO89. 12) We introduced GmPT10, GmPT11, or empty vector pKT10 into
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Myc + A B MycMyc + Fig. 2 . Expression of PT Genes in Soybean Roots. A, Gene expression was analyzed by RT-PCR for three biological replicates of uninoculated control roots (MycÀ) and of AM roots (Mycþ) using the specific primer pairs given in Supplemental Table 1 (see Biosci. Biotechnol. Biochem. Web site). RNA was extracted from control and AM roots simultaneously at 27 d after inoculation (dpi). PCR was performed as follows: 33 cycles for GmPT1, GmPT5, GmPT7 and GmPT14; 30 cycles for GmPT2-4 and GmPT8-13; and 29 cycles for GmPT10 and GmPT11. The ubiquitin gene (GmUBQ) was used as internal control (28 cycles). Then the PCR products were separated by agarose gel electrophoresis and detected with ethidium bromide. B, Time-course experiment. RT-PCR (33 cycles) was performed using RNA extracted from AM roots on the corresponding dpi. The dendrogram was generated with MEGA 5 software 25) by the neighbor joining method. Roman numerals indicate subgroups. Abbreviations for plant species: At, Arabidopsis thaliana; Ec, Eucalyptus camaldulensis; Gi, Glomus intraradices; Gm, Glycine max; Gv, Glomus versiforme; Hv, Hordeum vulgare; Le, Solanum lycopersicum (formerly Lycopersicon esculentum); Lj, Lotus japonicus; Mt, Medicago truncatula; Nt, Nicotiana tabacum; Os, Oryza sativa; Ph, Petunia hybrida; Pt, Populus trichocarpa; Rc, Ricinus communis; Sc, Saccharomyces cerevisiae; St, Solanum tuberosum; Ta, Triticum aestivum; and Zm, Zea mays. Accession numbers of PT genes other than those of soybean are given in Supplemental Table 2 . Asterisks indicate the soybean PTs investigated in this study. and GmPT11. A Saccharomyces cerevisiae mutant, PAM2, 12) was transformed with the coding region of GmPT10 (A) or GmPT11 (B) linked to a constitutive promoter. A high (circles, 13.5 mM) or low (squares, 0.465 mM) concentration of [ 32 P]orthophosphate was applied to the transformed cells, and then the radioactivity incorporated into the cells was determined at the indicated time points. Hollow symbols, vector control; and solid symbols, cells transformed with GmPT10 or GmPT11. Because all the experiments were carried out in parallel, the vector control curves are the same in panels A and B. In most cases, the error bars (standard deviation) for three determinations are within the symbols.
PAM2, so that the soybean PTs were expressed in the transformed cells under the control of a constitutive promoter of yeast. Then we compared the incorporation of 32 P-labelled phosphate into the cells at high (13.5 mM) and low (465 mM) phosphate concentrations. The cells transformed with soybean PT genes showed much higher incorporation than the vector control, indicating that both GmPT10 and GmPT11 are functional transporters (Fig. 3) .
Localization of AM-inducible PTs
Finally, we introduced the GmPT10 promoter: GmPT10-GFP construct and the GmPT11 promoter: GmPT11-GFP construct into soybeans by means of hairy root transformation, so that the fluorescent fusion proteins were expressed under the control of their natural promoters. Then we inoculated the AM fungus into the transformed roots. As shown in Fig. 4 , both fusion proteins were localized around arbuscules. GFP fluorescence was specifically detected on the periarbuscular membrane enveloping fine branches (Fig. 4G-I , branch domain), but not around the arbuscule trunks (Fig. 4J-L) , as reported for an AM-inducible PT of another legume. 22, 23) Because an AM-inducible ammonium transporter is also localized in this branch domain, 8) it was clarified that a specific region with a wide surface area acts as the active site of transfer from AM fungi to plant cortical cells for both phosphorus and nitrogen.
Conclusion and perspectives
Above we describe the identification, characterizations and expression of two typical AM-inducible PT genes of soybean, GmPT10 and GmPT11. Because knockdown and knockout of their orthologs in other legumes resulted in reductions in phosphate uptake via AM fungi and growth retardation of the host plants, 13, 24) it is possible that manipulation of these genes would result in better growth and higher soybean yields in the future. Detailed analysis of another AM-inducible gene, GmPT7, is now underway. 
